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The sequence and conformational effects on the gas-phase acidities of peptides have been
studied by using two pairs of isomeric cysteine-polyglycine peptides, CysGly3,4NH2 and
Gly3,4CysNH2. The extended Cooks kinetic method was employed to determine the gas-phase
acidities using a triple quadrupole mass spectrometer with an electrospray ionization source.
The ion activation was achieved via collision-induced dissociation experiments. The deproto-
nation enthalpies (acidH) were determined to be 323.9  2.5 kcal/mol (CysGly3NH2), 319.2 
2.3 kcal/mol (CysGly4NH2), 333.8  2.1 kcal/mol (Gly3CysNH2), and 321.9  2.8 kcal/mol
(Gly4CysNH2), respectively. The corresponding deprotonation entropies (acidS) of the pep-
tides were estimated. The gas-phase acidities (acidG) were derived to be 318.4  2.5 kcal/mol
(CysGly3NH2), 314.9  2.3 kcal/mol (CysGly4NH2), 327.5  2.1 kcal/mol (Gly3CysNH2), and
317.4  2.8 kcal/mol (Gly4CysNH2), respectively. Conformations and energetic information of
the neutral and anionic peptides were calculated through simulated annealing (Tripos),
geometry optimization (AM1), and single point energy calculations (B3LYP/6-31G(d)),
respectively. Both neutral and deprotonated peptides adopt many possible conformations of
similar energies. All neutral peptides are mainly random coils. The two C-cysteine anionic
peptides, Gly3,4(Cys-H)
NH2, are also random coils. The two N-cysteine anionic peptides,
(Cys-H)Gly3,4NH2, may exist in both random coils and stretched helices. The two
N-cysteine peptides, CysGly3NH2 and CysGly4NH2, are significantly more acidic than the
corresponding C-terminal cysteine ones, Gly3CysNH2 and Gly4CysNH2. The stronger
acidities of the former may come from the greater stability of the thiolate anion resulting
from the interaction with the helix-macrodipole, in addition to the hydrogen bonding
interactions. (J Am Soc Mass Spectrom 2010, 21, 603–614) © 2010 American Society for
Mass SpectrometryPeptides and proteins are known to carry multiplecharges in their native state under physiologicconditions through protonation and deprotona-
tion of basic and acidic amino acid residues, respec-
tively [1]. The charge states are often correlated to the
structures, properties, and biological functions of the
proteins. Studies have shown that charged groups close
to the ends of helices were found to be an important
determinant of the stability of the helices [2–6]. The
extents of protonation and deprotonation are directly
related to the acid-base properties of individual amino
acid residues. Interestingly, an amino acid residue
located at different positions in a folded protein often
exhibits different degrees of acidity or basicity. For
example, an acidic residue, such as cysteine or aspartic
acid, located at or near the N-terminus of a helix is often
more acidic than that at or near the C-terminus [5, 7–11].
A wealth of studies on the acid-base properties of
helical peptides have been carried out in condensed
phase, in particular in aqueous solutions [11–13]. How-
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Solvent effects are especially significant in water-based
systems. In fact, most of the active sites in proteins are
located near the interior region where solvent effects
from water molecules have been minimized [14, 15]. To
understand intrinsic acid-base properties of peptides
and proteins, it is important to perform studies in an
environment in which solvents can be eliminated. The
introduction of electrospray ionization (ESI) by Fenn
and coworkers has opened the door for exploring the
properties of peptides and proteins in the gas-phase
[16, 17].
The acid-base properties of amino acid residues also
play important roles in the gas-phase ion chemistry of
peptides and proteins, including the ion intensities in
different ionization processes, the fragmentation mech-
anisms under tandem mass spectrometry conditions,
and hydrogen/deuterium exchange patterns [18–32]. In
recent years, many of the gas-phase studies have fo-
cused on the determination of the proton affinities (and
gas-phase basicities) of amino acids and peptides [33–
45]. Although the gas-phase acidities of isolated amino
acids have been studied extensively [46–54], and the
apparent acidities of multiply charged peptides have
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gas-phase neutral peptides is very limited [56, 57].
In recent years, we have started to investigate the
helix conformational effects on the gas-phase acidities
of peptides by using a series of polyalanine- and
polyglycine-based model peptides with cysteine as the
acidic probe [6, 56, 57]. All of the peptides are amidated
at the C-terminus, so that the thiol group (SH) of the
cysteine residue is expected to be the only acidic site.
Previous studies carried out in both the condensed
phase and gas phase have shown that polyalanine
peptides have strong propensities for helices, while
polyglycine analogues prefer globular conformations
[58–61]. We have reported the determination of the
gas-phase acidities of four cysteine-polyalanine pep-
tides, CysAla3,4NH2 (CA3,4H) and Ala3,4CysNH2
(A3,4CH). We found that the two N-terminal cysteine
peptides, CA3,4H, were significantly more acidic than
the corresponding C-terminal cysteine ones, A3,4CH, by
10 and 5 kcal/mol, respectively. The high acidities of
the former are likely due to the helical conformational
effects for which the thiolate anion may be strongly
stabilized by the interaction with the helix macrodipole.
In this article, we report the results from the mass
spectrometry measurements and computational studies
of four cysteine-polyglycine peptides, CysGly3,4NH2
(CG3,4H) and Gly3,4CysNH2 (G3,4CH), Scheme 1.
Experimental
The Kinetic Method
The gas-phase acidities and the related thermochemical
quantities were determined using the extended kinetic
method. The kinetic method introduced by Cooks and
coworkers has been successfully applied to a wide
range of systems for the determination of various
thermochemical properties, such as gas-phase acidity,
proton affinity, metal ion affinity, electron affinity, and
ionization energy [35, 37, 38, 62–67]. Because of the
nonvolatile and thermally labile nature of peptides, the
kinetic method is the most practical approach available
now to produce reasonably accurate acid-base thermo-
chemical quantities of peptides [33]. The gas-phase
acidity (acidG) is defined as the Gibbs free-energy
change for the following reaction (generally at 298 K),
eq 1. The deprotonation enthalpy (acidH) and deproto-
nation entropy (acidS) are the enthalpy and entropy
changes of the same reaction.
AH¡AH (1)Scheme 1The determination of the gas-phase acidity of a
peptide (AH) starts with the formation of proton-bound
dimeric anions, A . . . H . . . Ai
 ([A·H·Ai]
) in the ESI
source of the mass spectrometer, where A is the
deprotonated form of the peptide, AH, and Ai
 is the
deprotonated form of the reference acids, AiH. All of
the reference acids have known gas-phase acidities. The
proton-bound dimeric anions dissociate in the collision-
induced dissociation (CID) experiments to yield the
corresponding monomeric anions, A and Ai
, with
rate constants of k and ki, respectively, Scheme 2.
The abundance ratio of the A and Ai
 fragment ions
resulting from the CID experiments represents an ap-
proximate measure of the rate constant ratio (k/ki) of
the dissociations leading to these fragment ions. With
the assumption that there are no reverse activation
barriers and also by considering situations where the
reference acids and the peptide all have very similar
structures, the gas-phase acidity can be obtained ac-
cording to the relationship given in eq 2, where acidGi
is the gas-phase acidity of the reference acid (AiH) and
acidG is the gas-phase acidity of the peptide (AH), R is
the universal gas constant, and Teff is the effective
temperature of the system. The effective temperature is
an empirical parameter that depends on several exper-
imental variables and properties of the proton-bound
dimers [68–74].
In kki InA

Ai
 acidGiacidGRTeff (2)
Because the structure of the peptide is much different
from those of the reference acids, the entropic contribu-
tion needs to be considered. The entropic contribution is
the difference of the activation entropies between the
two competing dissociation channels shown in Scheme
2, (S)  S  Si. Since the reference acids all
have similar structures, the term (S) can be assumed
to be constant. Under the assumption of the negligible
reverse activation barriers, (S) can be related to the
deprotonation entropies of the two acids (HA and HAi),
(S)  acidS  acidSi. By using the thermodynamic
relationship,acidGacidHTeffacidS, eq 2 is converted
to eq 3, where acidHi is the deprotonation enthalpy of
the reference acid (AiH) and acidH is the deprotonation
enthalpy of the peptide (AH),
[A] acidHi acidH (S)
Scheme 2In[Ai] RTeff  RTeff  R  (3)
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ion intensity ratio of the fragment ions has a linear
correlation to acidHi. By plotting ln([A
]/[Ai
]) mea-
sured at different collision energies against the values of
acidHi, a set of linear plots would be obtained. The
slopes correspond to 1/RTeff and the intercepts corre-
spond to the term shown in the squared bracket in eq 3.
The resulting intercepts are then plotted against the
slopes. The new linear regression line would give
acidH from the slope and (S) from the intercept.
However, the newly obtained linear regression line
from such data often shows an almost perfect linear
correlation coefficient that may lead to underestimated
experimental uncertainties. To decrease the severity of
this problem, Armentrout has suggested using acidHi
 acidHavg to replace acidHi, where acidHavg is the
average gas-phase acidity of all the references used for
a particular peptide [75, 76]. Then eq 3 is converted to
eq 4, where ln([A]/[Ai
]) has a linear relationship with
acidHi  acidHavg.
In[A][Ai] acidHiacidHavgRTeff acidHacidHavgRTeff

(S)
R  (4)
Plotting of ln([A]/[Ai
]) measured at different colli-
sion energies against acidHi  acidHavg yields a set of
straight lines with slopes of 1/RTeff and intercepts of
[acidH  acidHavg]/RTeff  (S)/R. If these inter-
cepts are plotted against the corresponding slopes, one
obtains a new linear plot with acidH  acidHavg as the
slope and (S)/R as the intercept. The value of acidH
is then obtained from the slope, since acidHavg is
known. The entropy term, (S), is obtained from the
intercept. Because reference acids all have similar dep-
rotonation entropies as shown in Table 1, the average
deprotonation entropy, acidSavg, may be used to re-
place acidSi. We would have the relationship, (S) 
acidS acidSavg. The deprotonation entropy (acidS) of
each peptide can then be obtained. With the deproto-
nation enthalpy and entropy available, we can derive
the gas-phase acidity (acidG) of the peptide by using
Table 1. Thermochemical quantities of the reference acids used
Reference acid Abbreviation
C3F7CO2H HFBAH 3
F3CCO2H TFAH 3
Br2CHCO2H DBAH 3
Cl2CHCO2H DCAH 3
F2CHCO2H DFAH 3
BrCH2CO2H MBAH 3
ClCH2CO2H MCAH 3
aObtained from the NIST Chemistry WebBook [91].
bDerived from the relationship G  H  T(S), where T  298 K. It is assthe thermodynamic relationship shown in eq 5, where
T  298 K.
acidGacidHT(acidS) (5)
The uncertainty of the average acidity (acidHavg) was
calculated as the root sum square of the random and
systematic errors. For a set of five reference acids, the
random error was treated as the averaged uncertainty
of the reference acids (2.2 kcal/mol) divided by the
square root of the number of the reference acids,
(2.2/5) 0.98 kcal/mol, and the systematic error was
assigned as 2.2  1.5 kcal/mol. The root sum square
of the random and systematic errors yielded(0.982 
1.52  1.8 kcal/mol.
Mass Spectrometry Measurements
All experiments were carried out in a triple quadrupole
mass spectrometer interfaced to an ESI source (Varian
1200L; Varian Inc., Walnut Creek, CA, USA) located in
the Mass Spectrometry Facility of the Chemistry De-
partment at the University of the Pacific. Data acquisi-
tion was controlled by using the MS Workstation soft-
ware package (version 6.5). The ESI needle voltage was
maintained at –4.5 kV, and the capillary voltage was
kept at –20 to –50 V. Nitrogen was used as the desol-
vation gas and compressed air was used as the nebu-
lizer gas. The ion source and desolvation temperatures
were kept at 50 °C and 200 °C, respectively. The hexa-
pole ion guide chamber has about 1 mTorr nitrogen gas.
Ions generated in the ESI source are presumed to be
thermalized by multiple collisions with the nitrogen
molecules in the ion guide chamber. The CID experi-
ments were performed by isolating the proton-bound
heterodimeric anions with the first quadrupole (MS1)
with a peak width of 	1.0–1.2 (instrument parameter),
adjusted to maximize ion signal while still maintaining
sufficient resolution. The isolated ions were allowed to
undergo collisions with argon atoms leaked into the
collision chamber at a pressure of around 0.5 mTorr.
The dissociation product ions were analyzed with the
third quadrupole (MS2) with a peak width of 	1.2–1.5.
is work
idH
a acidG
a acidS
b
/mol) (kcal/mol) (cal/mol K)
 2.2 314.9  2.0 23.5
 2.9 317.4  2.0 21.5
 2.2 321.3  2.0 23.5
 2.1 321.9  2.0 21.8
 2.2 323.8  2.0 24.2
 2.3 328.2  2.0 22.1
 2.2 329.0  2.0 25.2in th
ac
(kcal
21.9
23.8
28.3
28.4
31.0
34.8
36.5umed that each acidS value has 2.0 cal/mol K uncertainty.
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collision energies with the m/z range wide enough to
cover all possible secondary fragments. The CID prod-
uct ion intensities were measured by setting the instru-
ment in the selected reaction monitoring (SRM) mode in
which the scan was focused on selected product ions.
All fragment ions resulting from the isolated proton-
bound dimer ions were recorded in a single data
acquisition process, lasting typically for 	5 min. Each
acquisition was repeated three times in one day. Mul-
tiple measurements were performed on different days
and the results were repeatable with a relative uncer-
tainty of around 5%. The CID experiments were
performed at four different collision energies, corre-
sponding to the center-of-mass energies (Ecm) of 1.0, 1.5,
2.0, and 2.5 eV, respectively. The center-of-mass energy
was calculated using the equation: Ecm  Elab [m/(M 
m)], where Elab is the collision energy in laboratory
frame, m is the mass of argon, and M is the mass of the
proton-bound dimer ion.
Stock solutions (	103 M) of all peptides and refer-
ence acids were made up in HPLC-grade methanol and
water with a 50:50 (vol:vol) ratio. Stock solutions of a
peptide and a reference acid were mixed in appropriate
volumes and then diluted with methanol and water
(50:50) to achieve a final concentration of 104–105 M
to be used as the sample solution. The sample solution
was introduced into the source of the mass spectrome-
ter by an infusion pump at a flow rate of 10 L/min.
Peptide Synthesis
All peptides were synthesized in our laboratory using
the standard method of solid-phase peptide synthesis
[77–79]. The apparatus consists of glass peptide synthe-
sis vessels (Kemtech America, Inc., Whittier, CA, USA)
mounted on a mechanical agitator (Wrist-Action Sha-
ker; Burrell Scientific, Pittsburgh, PA, USA). The Rink
amide resin was used as the solid support to yield the
amide C-terminus. The general protocols of peptide
synthesis involve (1) Activate and couple the fmoc-
protected amino acid onto the solid resin; (2) remove
the fmoc protecting group and couple the second fmoc-
amino acid to the N-terminus of the one linked to the
resin; (3) repeat the coupling/decoupling processes
until the peptide chain reaches the desired length; (4)
cleave the peptide from the resin. The resulting crude
peptide was isolated by precipitation in cold ether
and/or by liquid extraction, and was dried by lyophi-
lization. The peptide obtained was sufficiently pure for
mass spectrometry measurements. The sequence of the
peptide was confirmed by using tandem mass spec-
trometry experiments. All chemicals used in the peptide
synthesis, including the Rink amide resin, fmoc-cys-
teine, and fmoc-glycine, were purchased from either
Sigma-Aldrich Chemical Co. (Milwaukee, WI, USA) or
ChemPep Inc. (Miami, FL, USA) and were used without
further purification.Computational Method
The conformations of the neutral and deprotonated
peptides were examined using the simulated annealing
process, followed by geometry refinements at the AM1
level [80], and finally energy calculations using density
functional theory (DFT) [81–84]. The simulated anneal-
ing was performed using the Tripos force field imple-
mented in the SYBYL 7.2 package of programs (Tripos,
Inc., St. Louis, MO, USA). The starting structures of all
peptides were ideal -helices. The general procedure
involved heating the system to 500 K for 1500 fs,
followed by annealing to 50 K for 1600 fs for 100 cycles
per simulation. Structures were saved at regular inter-
vals (50 fs) throughout the simulations. Upon comple-
tion, 10 low-energy conformations for each peptide
were selected for further geometry optimization using
the AM1 semi-empirical method implemented in the
Gaussian W03 suite of programs [85]. Vibrational fre-
quencies were also calculated using AM1 to yield the
zero-point energies and the thermal corrections to the
enthalpy at 298 K. True energy minima were confirmed
by the absence of imaginary frequencies from the set of
obtained frequencies. Following geometry optimiza-
tion, single point energies were calculated at the
B3LYP/6-31G(d) level to yield the energetic informa-
tion of the selected conformations.
Results
Our preliminary studies suggested that the gas-phase
acidities of the four peptides (AH), CG3H, CG4H,
G3CH, and G4CH (Scheme 1), are comparable to those
of halogenated carboxylic acids. We selected seven
structural similar halogenated acetic acid derivatives as
the reference acids (AiH): CF3CF2CF2CO2H (hep-
tafluoro buteric acid, HFBAH), F3CCO2H (trifluoroace-
tic acid, TFAH), Br2CHCO2H (dibromoacetic acid,
DBAH), Cl2CHCO2H (dichloroacetic acid, DCAH),
F2CHCO2H (difluoroacetic acid, DFAH), BrCH2CO2H
(monobromoacetic acid, MBAH), and ClCH2CO2H
(monochloroacetic acid, MCAH). The thermochemical
properties of these compounds, acidH, acidG, and
acidS, are given in Table 1. We first examined the
relative acidities of the peptides compared to these
reference acids by using CID bracketing experiments.
Proton-bound heterodimeric anions, [A·H·Ai]
, were
generated under ESI conditions and the CID experi-
ments were performed at 1.5 eV (Ecm) collision energy
and the CID spectra were recorded. All CID spectra
showed two major product anions, A and Ai
. The
relative intensities of the two anions indicate the rela-
tive acidities of AH and AiH. For example, if the ion
intensity of A is stronger than that of Ai
, then the
gas-phase acidity of AH is greater than that of AiH.
Selected CID spectra are shown in Figure 1. The spectra
reveal that the ion intensity of CG3
 is slightly higher
than that of DCA, and lower than that of DBA,
suggesting that the acidity of CG3H is between those of
H·G4
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Figure 1. CID spectra obtained at 1.5 eV (Ecm
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peptides is: CG4H  CG3H  G4CH  G3CH.
Gas-Phase Acidity Measurements
To determine the quantitative values of the gas-phase
acidities of the peptides, additional experiments were
performed. The CID product ion intensities were re-
corded at four collision energies (Ecm), 1.0, 1.5, 2.0, and
2.5 eV. At higher energies (2.0 and 2.5 eV), about 5% of
the peptide ion fragments further by losing H2S, and
about 2% to 10% of the ionic reference acids yield
smaller ions by losing the CO2 group. All secondary
fragments were included in the data analysis. For the
chloro- and bromo-substituted reference acids, the most
abundant isotopic peaks of the proton-bound het-
erodimers were selected as the precursor ions for the
CID experiments. These ions should be isotopically
pure.
The natural logarithms of the CID product ion
branching ratios, ln([A]/[Ai
]), measured at four col-
lision energies for all the reference compounds are
shown in Table 2. A plot of ln([A]/[Ai
]) measured at
the same collision energy verses the values of acidHi–
acidHAvg for all of the reference compounds would
give a straight line with the slope of 1/RTeff (X) and
intercept of –[(acidH  acidHavg)/RTeff  (S)/R]
(Y), eq 4. The plots of ln([CG3
]/[Ai
]), ln([CG4
]/[Ai
]),
ln([G3C
]/[Ai
]) and ln([G4C
]/[Ai
]) against acidHi 
acidHavg at four collision energies are shown in Figure
2 (a1), (b1), (c1), and (d1). The values of the slopes and
Table 2. Values of ln([A–]/[Ai
–]) measured at four collisions ene
entropies of the reference acids
Peptide Reference Acid acidHavg
a kcal/mol ac
CG3H HFBAH 326.7
TFAH
DBAH
DCAH
DFAH
CG4H HFBAH 326.7
TFAH
DBAH
DCAH
DFAH
G3CH DBAH 331.8
DCAH
DFAH
MBAH
MCAH
G4CH HFBAH 328.9
TFAH
DBAH
DCAH
MBAH
MCAH
aAverage deprotonation enthalpy of the set of selected reference acids
bAverage deprotonation entropy of the set of selected reference acids.
cThe data include  5% of uncertainty.intercepts resulted from weighted linear regression for
the four peptide systems are summarized in Table 3.
The corresponding effective temperatures (Teff) are also
shown in Table 3. For the systems of CG3,4H and G4CH,
the effective temperatures increase with the increase of
the collision energy. For the system of G3CH, the
effective temperatures do not follow the expected trend.
The reason for the unexpected behavior is not clear at
this point.
The values of the intercept at different collision
energies obtained above, Y, were further plotted against
the corresponding slopes, X. The plots for the four
peptide systems are shown in Figure 2 (a2), (b2), (c2),
and (d2). These plots were then used to extract the
values of [acidH  acidHavg] from the slope and the
values of [(S)/R] from the intercept. The slopes and
intercepts resulted from weighted linear regression are
summarized in Table 4. The corresponding entropy
terms, (S), are also shown in Table 4. For each
peptide system, the magnitude of acidHavg is known
(Table 2). The deprotonation enthalpy (acidH) of a
peptide was obtained by combining the value of
acidHavg and the slope. The results for the four peptides
are summarized in Table 5.
The uncertainties were calculated by weighted ortho-
gonal distance regression (ODR) using the ODRPACK
suite of programs [86]. An example for the CG3H
system is given here. For each of the plots of ln([A]/
[Ai
]) against acidHi  acidHAvg, the uncertainty used
in all x-axis values is 2.2 kcal/mol, and in all y-axis
values is 0.05. The yielding uncertainties (with 95%
(Ecm) with various reference acids, and average enthalpies and
g
b kcal/mol K
Ecm
c
1.0 eV 1.5 eV 2 eV 2.5 eV
22.9 –3.882 –3.905 –3.933 –3.903
–1.844 –1.737 –1.638 –1.510
0.562 0.236 0.027 –0.123
0.319 0.269 0.249 0.279
1.946 1.754 1.724 1.751
22.9 –2.789 –2.911 –3.009 –3.012
–0.532 –0.800 –0.853 –0.815
1.873 1.329 0.879 0.584
1.993 1.500 1.274 1.122
3.935 3.254 3.017 3.142
23.3 –0.995 –1.246 –1.440 –1.585
–1.519 –1.585 –1.470 –1.474
0.297 0.144 0.191 0.248
1.038 1.030 0.994 0.924
2.722 2.860 2.918 2.951
22.5 –3.665 –3.676 –3.749 –3.763
–2.346 –2.332 –2.195 –2.052
–0.084 –0.326 –0.582 –0.756
0.028 –0.139 –0.177 –0.185
4.028 3.838 3.584 3.297
5.435 5.213 4.985 4.815rgies
idSav
.
ac
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in Table 3. The corresponding uncertainties were car-
ried into the plot of Y against X. The resulting uncer-
tainty in the slope (acidH acidHavg) is 0.69 and in the
intercept ((S)/R) is 0.40. Combined with the 1.8
kcal/mol uncertainty estimated for acidHavg (Experi-
mental), the uncertainty for acidH would be 2.5 kcal/
Figure 2. (1) Plots of ln([A]/[Ai
]) versus aci
four collision energies (Ecm), 1.0, 1.5, 2.0, and 2.5
in each set of the data. (2) Plots of y  (acidH mol. The results of detailed uncertainty analysis for theCG3H system are given in the supplemental material,
which can be found in the electronic version of this
article. It should be pointed out that the uncertainties
obtained from the kinetic measurements are relative
values. They do not include the absolute error in the
overall calibration of the acidity scale of the references.
The entropy term is used to calculate the deprotona-
acidHavg from the dissociation of [Ai·H·A]
 at
he darker line corresponds to the lowest energy
idHavg)/RTeff  (S)/R versus 1/RTeff.dHi 
eV. Ttion entropy of each peptide by using the equation,
essio
610 MORISHETTI ET AL. J Am Soc Mass Spectrom 2010, 21, 603–614acidS  (S)  acidSi, where acidSi is estimated
using the average deprotonation entropy of the refer-
ence acids (acidSavg, Table 2). The resulting deprotona-
tion entropies for the four peptides are listed in Table 5.
With acidH and acidS available, we can derive the
gas-phase acidities (acidG) of the peptide by using the
relationship shown in eq 5. The resulting gas-phase
acidities for the four peptides are given in Table 5. We as-
signed the same levels of uncertainties to acidG as
those for acidH. The quantitative measurements sug-
gest that CG3H is a stronger acid than its analogue,
G3CH, by about 9 kcal/mol, and CG4H is a stronger
acid than G4CH by about 3 kcal/mol. The two peptides,
CG3H and G4CH, have similar acidities.
Computational Results
Conformations of the neutral and deprotonated pep-
tides were calculated using the simulated annealing
procedure. For each of the peptide species, the initial
input conformation was a helix. Upon completion of the
annealing process, around 25 lowest energy conforma-
tions were visually evaluated. Among them, 10 confor-
mations were selected as the initial geometries for
further optimization using the AM1 method. The opti-
mized geometries were then subjected to single point
energy calculations to yield energetic information. The
procedure is fast and gives reasonable relative energies
for the different conformations. Representative lowest-
energy conformations of the four deprotonated pep-
tides are shown in Figure 3. There are several (however,
Table 3. Results of linear regression according to eq 4, the first
Ecm, eV 1.0
CG3H X 0.61  0.05
Y 0.58  0.17
Z 826  68
CG4H X 0.69  0.05
Y 0.89  0.18
Z 727  53
G3CH X 0.44  0.07
Y 0.31  0.22
Z 1149  183
G4CH X 0.61  0.02
Y 0.57  0.10
Z 825  27
X  1/RTeff; Y  [(acidH  acidHavg)/RTeff  (S)/R]; Z  Teff, K.
aThe uncertainties were calculated by weight orthogonal distance regr
Table 4. Results of linear regression according to eq 4, the
second set of the thermokinetic plotsa
acidH  acidHavg (S)/R (S) (cal/mol K)
CG3H 2.83  0.69 2.31  0.40 4.57  0.79
CG4H 7.46  0.49 4.25  0.31 8.45  0.62
G3CH 1.99  0.26 1.19  0.12 2.40  0.24
G4CH 7.05  1.00 3.74  0.58 7.40  1.15
aThe uncertainties were calculated by weight orthogonal distance
regression (ODR) using the ODRPAC suite of program [86].there could be many) possible low-energy conforma-
tions associated with each neutral peptide. The shapes
of the conformations are mainly random coils. Each
deprotonated peptide also adopts several possible low-
energy conformations. The conformations of the depro-
tonated peptides are relatively compact compared with
those of the neutral ones. The shapes for G3,4C
 are
mainly random coils with the negatively charged sulfur
atom (thiolate anion) solvated by nearby N-H groups.
The low-energy conformations of CG3,4
 exhibit two
different shapes, the random coils and the stretched
helical loops. In the random coils, the thiolate anion is
solvated by nearby N-H groups. In the helical loops, the
thiolate anion resides next to the axis of the helix.
Discussion
Polyglycine-based peptides are known to mainly adopt
random coils in the gas-phase [60]. Longer peptides are
expected to be more acidic than the corresponding short
ones, since longer peptides can stabilize the negative
charges resulting from deprotonation more effectively
through internal solvation in the forms of hydrogen
bonding interactions and charge–dipole interactions. A
comparable trend was found in the basicities of polyg-
lycine peptides. The basicities increased as the peptide
chain length increased. This was mainly because of the
stabilization of the positive charge, the proton, through
Table 5. Thermochemical quantities of the peptides obtained
from this work
Peptide
acidH S
a acidG
b
(kcal/mol) (cal/mol K) (kcal/mol)
CG3H 323.9  2.5 18.3  2.0 318.4  2.5
CG4H 319.2  2.3 14.4  2.0 314.9  2.3
G3CH 333.8  2.1 21.0  2.0 327.5  2.1
G4CH 321.9  2.8 15.1  2.0 317.4  2.8
aCalculated using the equation acidS (S) acidSavg, where (S)
is the entropy term (Table 4) and acidSavg is the average deprotonation
f the thermokinetic plotsa
1.5 2.0 2.5
.58  0.06 0.57  0.07 0.56  0.08
.68  0.20 0.71  0.23 0.70  0.26
68  90 886  109 904  129
.63  0.05 0.6  0.06 0.6  0.08
.47  0.18 0.26  0.22 0.2  0.27
96  63 832  83 840  112
.47  0.06 0.48  0.07 0.49  0.08
.24  0.22 0.24  0.23 0.21  0.25
68  136 1051  153 1035  169
.59  0.02 0.58  0.03 0.56  0.04
.43  0.13 0.31  0.16 0.23  0.20
46  29 874  45 907  65
n (ODR) using the ODRPAC suite of program [86].set o
0
0
8
0
0
7
0
0
10
0
0
8entropy of the reference acids (Table 2).
bCalculated using eq 5, where T  298 K.
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experimental results from this work clearly show that
the two longer peptides, CG4H and G4CH, are more
acidic than the corresponding short ones, CG3H and
G3CH. What is interesting is that the N-terminal cys-
teine polyglycine peptides, CG3H and CG4H, are also
significantly more acidic than the corresponding C-
terminal cysteine analogues, G3CH and G4CH, by 9 and
3 kcal/mol, respectively. This implies that the thiolate
anion (S) in CG3,4
 is stabilized more than that in
G3,4C
.
This similar behavior has been observed in the
cysteine-polyalanine peptides [57]. The N-cysteine pep-
tides, CA3H and CA4H, are more acidic than the C-
cysteine ones, A3CH and A4CH, by 10 and 5 kcal/mol,
Figure 3. Representative conformations for th
simulated annealing procedure.respectively. Computational studies showed that thedeprotonated C-cysteine peptides, A3,4C
, adopted ran-
dom coils with the thiolate anion stabilized by hydro-
gen bonding interactions with nearby N-H groups.
While the deprotonated N-cysteine peptides, CA3,4
,
exist as partial helices with the negatively charged
sulfur atom pointing to the axis of the helix loop. In this
case, the thiolate anion may be largely stabilized by the
interaction with the helix macrodipole in addition to the
possible hydrogen bonding interactions. The helix macro-
dipole is an intrinsic property of helical peptides
arising from the alignment of the polar peptide bonds,
which in turn creates a dipolar electrostatic field with a
partial positive charge at the N-terminus and a partial
negative charge at the C-terminus [89]. A favored
charge-dipole interaction would arise if a negative
rotonated peptides obtained from the AM1//e depcharge is close to the N-terminus of the helix.
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 resemble those of
A3,4C
, and they are mainly globular. Similar to those of
A3,4CH, the effective acidities of G3,4CH are largely
determined by the effective stabilization effects of the
peptide backbone N-H groups on the thiolate anion
upon deprotonation. Generally speaking, G3CH has the
acidity similar to that of A3CH (acidH  332.2 kcal/
mol), while G4CH is slightly more acidic than A4CH
(acidH  325.9 kcal/mol). An analogue case is the
proton affinities of the tripeptides of alanine and gly-
cine. The proton affinities of GlyGlyGly, GlyAlaGly,
and GlyGlyAla are about the same. The conformations
of both neutral and protonated forms are very similar,
mainly coils [90]. The slightly higher acidity of G4CH
(compared with A4CH) may be because polyglycine
chain is more flexible than polyalanine chain, and
polyglycine chain can form better coils to stabilize the
thiolate anion.
For CG3,4
, in addition to random coils in which the
thiolate anions can be stabilized by the available N-H
groups, a portion of CG3,4
may exist in certain degrees
of helices. In these helices, the alignments of the peptide
amide bonds are less ordered than those in CA3,4
. It is
expected that the thiolate anion in CG3,4
 can also be
stabilized by interacting with the helix macrodipole, but
the effect is smaller than that in CA3,4
. Indeed, the
acidities of N-cysteine polyglycine peptides, CG3,4H,
are much stronger than those of C-cysteine polyglycine
peptides, G3,4CH, but are slightly weaker than those of
the N-cysteine polyalanine peptides, CA3,4H.
The gas-phase deprotonation enthalpy of isolated
cysteine has been independently measured by several
research groups. The value is about 334 kcal/mol. In the
deprotonated form of cysteine, the thiolate anion is
largely stabilized by forming an intramolecular hydro-
gen bond with the hydroxyl group [48, 49, 51]. CG3H is
about 10 kcal/mol more acidic than cysteine. The large
acidity enhancement can be explained by the increased
stabilization effect in the thiolate anion. Adding three
glycine units to the carboxyl group of the cysteine will
induce a favorable charge-helix dipole interaction. The
acidity of G3CH is not much stronger than (actually
comparable to) that of isolated cysteine. At first it seems
unreasonable, since one would expect more hydrogen
bonding interactions in G3C
 than in isolated cysteine
anion. The explanation might be that in G3C
 the
C-terminus is amidated and the stronger hydrogen
bonding interaction between the thiolate anion and the
carboxyl group (in the cysteine anion) is replaced with
weaker ones between the thiolate anion and the back-
bone NH groups.
Earlier studies on the gas-phase basicities of small
peptides suggest that the sequences of the peptides
influence the measured basicities [43, 45]. For example,
ProGlyGly is more basic than GlyGlyPro [43]. In this
case, the peptide does not have a highly basic residue,
such as lysine or arginine, and is most likely protonated
at the N-terminal amino group. Placing the proline at
the N-terminus can induce stronger hydrogen bondinginteraction than does the C-terminus. However, if a
peptide contains lysine, the protonation site would be
the amino group at the -carbon. Further more, if the
peptide can form stable helix, then the C-terminal lysine
peptide is expected to be more basic than the N-
terminal lysine one.
The entropy terms [(S), Table 4] for CG3H and
G3CH are relatively small and for CG4H and G4CH they
are moderately small. A small entropy term would lead
to a large deprotonation entropy of the peptide. Indeed,
the derived deprotonation entropies (S, Table 5) for
CG3H and G3CH are relatively large (18–21 cal/mol K),
and for CG4H and G4CH they are moderately large
(14–15 cal/mol K). Considering the extensive hydrogen
bonding interactions within the peptide anions, one
would expect significantly reduced structural flexibility
upon deprotonation and, hence, smaller entropies of
deprotonation. The relatively large entropies may be
explained by the large numbers of possible conforma-
tions of the deprotonated as well as the neutral pep-
tides, as reflected from the results of computational
studies.
Conclusions
The gas-phase acidities and related thermochemical
quantities of four cysteine-polyglycine peptides, CG3,4H
and G3,4CH, were studied quantitatively using the
extended Cooks kinetic method with full entropy anal-
ysis. The deprotonation enthalpies (acidH) were deter-
mined to be 323.9  2.5 kcal/mol (CG3H), 319.2  2.3
kcal/mol (CG4H), 333.8  2.1 kcal/mol (G3CH), and
321.9  2.8 kcal/mol (G4CH). The corresponding dep-
rotonation entropies (acidS) of the peptides were esti-
mated to be 18.3 cal/mol K (CG3H), 14.4 cal/mol K
(CG4H), 21.0 cal/mol K (G3CH), and 15.1 cal/mol K
(G4CH). The gas-phase acidities (acidG) were derived
to be 318.4 2.5 kcal/mol (CG3H), 314.9 2.3 kcal/mol
(CG4H), 327.5  2.1 kcal/mol (G3CH), and 317.4  2.8
kcal/mol (G4CH).
Computational studies show that both neutral and
deprotonated peptides could adopt many possible con-
formations of similar energy. All neutral peptides are
mainly random coils. The two C-cysteine anionic pep-
tides, G3,4C
, are also random coils. The two N-cysteine
anionic peptides, CG3,4
, may exist in both random
coils and stretched helices.
The two N-cysteine peptides, CG3H and CG4H, are
significantly more acidic than the corresponding C-
terminal cysteine ones, G3CH and G4CH, by 9 kcal/mol
and 3 kcal/mol, respectively. The stronger acidity of the
former may come from the greater stability of the
thiolate anion in CG3,4
 resulting from the interaction
with the helix-macrodipole in addition to the hydrogen
bonding interactions. The deprotonation entropies of
the four peptides are moderately large, considering the
intensive hydrogen bonding interactions within the
peptide anion. The relatively large entropies may be
613J Am Soc Mass Spectrom 2010, 21, 603–614 ACIDITIES OF CYSTEINE-POLYGLYCINE PEPTIDESexplained by the fact that the deprotonated peptides
can exist in many possible conformations.
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